Technological and cultural innovations as well as climate changes are thought to have influenced the diffusion of major language phyla in sub-Saharan Africa. The most widespread and the richest in diversity is the Niger-Congo phylum, thought to have originated in West Africa ;10,000 years ago (ya). The expansion of Bantu languages (a family within the Niger-Congo phylum) ;5,000 ya represents a major event in the past demography of the continent. Many previous studies on Y chromosomal variation in Africa associated the Bantu expansion with haplogroup E1b1a (and sometimes its sublineage E1b1a7). However, the distribution of these two lineages extends far beyond the area occupied nowadays by Bantu-speaking people, raising questions on the actual genetic structure behind this expansion. To address these issues, we directly genotyped 31 biallelic markers and 12 microsatellites on the Y chromosome in 1,195 individuals of African ancestry focusing on areas that were previously poorly characterized (Botswana, Burkina Faso, Democratic Republic of Congo, and Zambia). With the inclusion of published data, we analyzed 2,736 individuals from 26 groups representing all linguistic phyla and covering a large portion of sub-Saharan Africa. Within the Niger-Congo phylum, we ascertain for the first time differences in haplogroup composition between Bantu and non-Bantu groups via two markers (U174 and U175) on the background of haplogroup E1b1a (and E1b1a7), which were directly genotyped in our samples and for which genotypes were inferred from published data using linear discriminant analysis on short tandem repeat (STR) haplotypes. No reduction in STR diversity levels was found across the Bantu groups, suggesting the absence of serial founder effects. In addition, the homogeneity of haplogroup composition and pattern of haplotype sharing between Western and Eastern Bantu groups suggests that their expansion throughout sub-Saharan Africa reflects a rapid spread followed by backward and forward migrations. Overall, we found that linguistic affiliations played a notable role in shaping sub-Saharan African Y chromosomal diversity, although the impact of geography is clearly discernible.
Introduction
Modern humans originated ;200,000 years ago (ya) in Africa, subsequently colonizing the rest of the globe. Genetic studies indicate that the ancestral African populations could have been structured even before ;100,000 ya when modern humans first began migrating out of Africa (Campbell and Tishkoff 2008; Wall et al. 2009 ). Genetic diversity values are much higher in African populations than elsewhere (Campbell and Tishkoff 2008) . Africa is also linguistically very diverse: More than 2,000 languages are reported for the whole continent, comprising 30% of the world's languages (Gordon and Grimes 2005) . Disregarding some isolates, African languages have been classified into four major phyla (Greenberg 1948) : Afro-Asiatic, Khoisan (which, however, is no longer considered a historical unit by several specialists, see Güldemann and Vossen 2000) , Niger-Congo, and Nilo-Saharan. Of these, the largest linguistic phylum is Niger-Congo (Williamson and Blench 2000) , comprising ;1,400 languages and containing many related language families and several distantly or questionably related language groups (Sands 2009 ). For instance, Mande and Kordofanian-two of the three major branches of Niger-Congo ( fig. 1 )-have been suggested as belonging to an earlier split, and some authors even doubt the affiliation of one or the other to the phylum (Williamson and Blench 2000; Dimmendaal 2008) .
Since the migration of modern humans out of Africa, numerous population movements have played a role in shaping patterns of linguistic and genetic variation within the continent itself (Campbell and Tishkoff 2008) . New forms of subsistence and technological improvements such as those derived from agriculture have driven population expansions even over long geographic distances. However, the major African linguistic phyla are assumed to have originated and spread much earlier than the advent of agriculture, which developed relatively late in sub-Saharan Africa: Cultivated plants did not appear before 4,000 ya (Neumann 2005) . Indeed, it has been suggested that the expansion of Niger-Congo and Nilo-Saharan started ;12,000À10,000 ya with the improving climate at the beginning of the Holocene when speakers were still hunter gatherers (Blench 2006; Dimmendaal 2008) . Nevertheless, it seems plausible that these expansions were triggered by technological innovations (e.g., bow, arrows, and domesticated dogs) and/or climatic changes (e.g., wetter conditions) in the Holocene approximately 11,000 ya (Blench 2006) .
The most significant and well-known migration event in sub-Saharan Africa that has been associated-although not unanimously-with agricultural innovations, and at a later stage with iron technologies, is the expansion of the Bantu language family belonging to the Niger-Congo phylum ( fig. 1 ). These languages are assumed to have originated in the Grassfields region between Cameroon and Nigeria not more than 5,000 ya and spread from this homeland throughout sub-Saharan Africa to Somalia in the East and as far as the Cape in the South (Nurse and Philippson 2003) . The manner in which Bantu languages and speech communities spread throughout sub-Saharan Africa remains a matter of debate among specialists (Vansina 1979 (Vansina , 1995 Ehret 2001; Holden 2002; Eggert 2005 ; Holden and Gray 2006; Bostoen 2007) . The general view of Diamond and Bellwood (2003) suggests that Bantu languages and agricultural techniques spread together with people throughout sub-Saharan Africa. However, this view is opposed by other investigators emphasizing the effect of cultural spread rather than movement of people (see Vansina 1995; Nichols 1997; Robertson and Bradley 2000) . Several genetic studies that focused mainly on the uniparentally transmitted mitochondrial DNA (mtDNA) and Y chromosome are in favor of the first hypothesis, namely that the Bantu expansion was a joint linguistic and demographic event. As regards mtDNA, several haplogroups such as L0a, L2a, L3b, and L3e have been associated with the Bantu expansion (Salas et al. 2002) , whereas for the Y chromosome, haplogroups E1b1a (defined by the single nucleotide polymorphism [SNP] M2) and B2b (defined by M150) have been connected to this event (cf. Thomas et al. 2000; Cruciani et al. 2002; Berniell-Lee et al. 2009 ). However, no differences have been detected in frequency and diversity levels of haplogroup E1b1a between Bantu and other Niger-Congo populations. In fact, not only does the geographic distribution of E1b1a extend far beyond the area settled by speakers of Bantu languages, but its frequency and the associated STR diversity are even higher in nonÀBantu-speaking regions, such as Guinea Bissau (Rosa et al. 2007 ). In their extensive study of Y chromosomal variation in Africa, Wood et al. (2005) genotyped M191, which defines a sublineage of E1b1a called E1b1a7, which was also associated with the Bantu expansion (Zhivotovsky et al. 2004 ). They found a significant correlation between linguistic and Y chromosome variation, which is driven in large part by the correlation of Y chromosomal variation and the Bantu language family. They inferred that sex-biased migrations between expanding Bantu agriculturalists and hunter gatherers have notably affected the patterns of Y chromosomal variation in sub-Saharan Africa. However, this study was based on biallelic markers alone, and data from the entire south-central part of sub-Saharan Africa were lacking.
Although studies of autosomal polymorphisms are becoming more common as a result of technological advances (e.g., Hammer et al. 2008; Tishkoff et al. 2009; Bryc et al. 2010; Sikora et al. 2010) , investigations of uniparental markers still offer valuable insights into human prehistory that cannot be obtained by autosomal markers alone. One advantage is the possibility to reconstruct phylogenies of mutations and to trace the origins of polymorphisms as well as their geographical spread, which is not possible with autosomal data due to recombination. Furthermore, uniparental markers greatly enable the detection of culturally determined sex-biased events, such as patrilocality or matrilocality or polygyny (cf. Kayser et al. 2006 Kayser et al. , 2008 . Because patrilocality and/or polygyny are common social practices in sub-Saharan Africa (Pebley et al. 1988) , the Y chromosome is expected to retain a clearer signal of demic migration events because the mtDNA and autosomes brought by marrying local women could with time dilute the original genetic composition.
The aim of this paper is to investigate in more detail the combined Y chromosomal variation of biallelic and 1 Niger-Congo language tree. Schematic tree of the NigerCongo language phylum that comprises three major branches: Mande, Kordofanian, and Atlantic-Congo (Williamson 1989) . In gray boxes, linguistic families that are represented in our data set.
de Filippo et al. · doi:10.1093/molbev/msq312 MBE microsatellite markers in sub-Saharan Africa to gain insights into (pre)historic population movements, in particular those associated with the spread of the Niger-Congo language phylum. In order to obtain a more fine-grained coverage of the Y chromosomal diversity in the continent, we analyze over 1,100 samples from several populations belonging to the major linguistic phyla in West, Central, and East Africa and combine these with published data. We analyze the distribution of subclades of the widespread E1b1a lineage to obtain a more detailed view of the genetic variation present in the Niger-Congo phylum and to investigate the potential genetic effects of the Bantu migration. Furthermore, we investigate the two main hypotheses about the spread of Bantu languages over sub-Saharan Africa: a mere cultural diffusion (so-called ''language shift''; Nichols 1997 and Sikora et al. 2010) or an actual movement of people via a demic diffusion (Diamond and Bellwood 2003) . L. in 2003, 2007, and 2008 . DNA was extracted from the saliva samples from Botswana, Burkina Faso, D.R.C., and Zambia following the method previously described by Quinque et al. (2006) . DNA extraction from the buccal swab samples from Ethiopia and Kenya was performed following the procedure described in Miller et al. (1988) .
Materials and Methods

Samples
In addition, 85 unrelated sub-Saharan African individuals from the Human Genome Diversity Cell Line Panel (Cann et al. 2002) as identified by Rosenberg (2006) were included in the analyses. These include the Biaka Pygmies from the Central African Republic (C.A.R.), Mbuti Pygmies from D.R.C., Bantu speakers from Kenya, Khoisan from Namibia, Niger-Congo Yoruba from Nigeria, Niger-Congo Mandenka from Senegal, and Bantu speakers from South Africa. Furthermore, to bolster the number of Afro-Asiatic groups included in this study, the Afro-AsiaticÀspeaking Mozabites from Algeria were also genotyped, even though they do not belong to the geographic region of sub-Saharan Africa as such.
For the purposes of this study, the data set has been divided into 26 major geographic and/or linguistic groups as summarized in table 1 (for details of the ethnolinguistic affiliation of the groups as determined by self-identification, see supplementary table 2, Supplementary Material online). (Karafet et al. 2008) . These sites were amplified in a multiplex polymerase chain reaction (PCR) and then typed by means of two SNaPshot assays consisting of 12 SNPs each following the manufacturer's specifications (Applied Biosystems, http://www3. appliedbiosystems.com). We further genotyped seven additional SNPs (M33, M35, M2, M191, M75, U174, and U175) on those individuals ascertained to be haplogroup E for a deeper characterization of this lineage ( fig. 2 ) in an additional multiplex PCR and SNaPshot assay. Subhaplogroups of haplogroup E have been defined according to the nomenclature specified in Karafet et al. (2008) : E1b1a* (xE1b1a8 and xE1b1a7), E1b1a8, E1b1a7* (xE1b1a7a), E1b1a7a, E* (xE1b1a, xE1a, xE1b, and xE2). Genotyping details are listed in supplementary table 1 (Supplementary Material online). The markers U174 and U175 were additionally typed for this study in the samples from Eastern Zambia that had previously been genotyped for the other markers (de Filippo et al. 2010 ). Finally, we genotyped 12 short tandem repeat (STR) loci (DYS19, DYS385a/b, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393, DYS437, DYS438, and DYS439) by means of the Promega Y-Powerplex kit (http://www.promega. com). When two peaks were detected in the duplicated STR locus DYS385, the smaller allele was arbitrarily assigned to DYS385a and the larger to DYS385b. Both SNP and STR genotyping were performed on the ABI 3130xl Genetic Analyzer and analyzed using the GeneMapperID v3.2 software (Applied Biosystem).
Comparative Data
In order to extend our study of Y chromosomal variation to a wider geographical coverage of sub-Saharan Africa, we included published data sets having a similar amount of SNP and STR genotype information as our data. The published data were classified on geographic and linguistic grounds as follows: Khoisan, Afro-Asiatic, Nilo-Saharan, and Bantu speakers from Tanzania (Tishkoff et al. 2007 ); non-Pygmy Bantu speakers and Pygmies (Bantu and non-Bantu speakers) from both Cameroon and Gabon (Berniell-Lee et al. 2009 ); Bantu speakers from Angola (Coelho et al. 2009 ); and a Nilo-Saharan group from Uganda (Gomes et al. 2010) . However, these studies genotyped individuals belonging to haplogroup E only to the level of E1b1a, with the exception of Gomes et al. (2010) who additionally genotyped M191. We therefore inferred the frequency of the haplogroup E sublineages studied here-namely E1b1a8, E1b1a7a, and E1b1a7*-from the STR haplotypes using Linear Discriminant Analysis (LDA) with the R statistical software by means of the function ''lda'' from the package MASS (Venables and Ripley 2002) . Because Tishkoff et al. (2007) and Coelho et al. (2009) subtyped only M2 and M35 on the haplogroup E samples, we also applied LDA to those individuals who were E*(xE1b1a and xE1b1b1). Of these, the individuals from Tishkoff et al. (2007) being possibly haplogroup D or E (i.e., carrying the YAP mutation) were considered as belonging to haplogroup E under the assumption that haplogroup D is virtually absent in the African continent (Jobling and Tyler-Smith 2003; Wood et al. 2005) . We tested the power of LDA to reliably infer haplogroups from STR haplotype data as described in the supplementary text (Supplementary Material online) before applying it to the above-mentioned data sets. However, it should be kept in mind that the comparative data inferred by LDA may not be as reliable as our genotyped data.
Data Analyses
Standard measures of genetic diversity, pairwise genetic distances between groups expressed as R ST and proportion of haplotypes not shared were calculated in R. Correspondence analysis (CA) of haplogroup frequencies in all populations was performed using the function ''ca'' from the R package ca (Nenadic and Greenacre 2007) . Analysis of molecular variance (AMOVA) and pairwise F ST between groups were carried out with Arlequin software v3.1 (Excoffier et al. 2005) based on haplogroup frequencies. A matrix of geographic great circle distances between all groups (with the exclusion of populations with less than ten individuals) was generated. We performed a Mantel test (Z value) to investigate whether the geographic distances are correlated with genetic distances. Individuals who had STR missing values were excluded from some analyses.
Patterns of haplotype sharing among groups were explored as follows. STR haplotypes that were shared among at least three groups were ranked based on their frequency in the entire combined data set. We explored the distribution of shared haplotypes among groups that were merged (here called metagroups) according to their geographic location as well as their linguistic affiliation (and ethnicity in the case of the Pygmies, who are known to have acquired their language from their agriculturalist neighbors). With regard to linguistic affiliation, individuals from Western Zambia who speak a language belonging to the Eastern Bantu branch (Fortune 1970; Bostoen 2009 ) were classified with the Bantu speech communities from Eastern Zambia. To test if the observed patterns simply reflect sample size differences among the various metagroups, we randomly assigned the shared haplotypes to groups and subsequently merged the groups into the various metagroups. We repeated this process 1,000 times and recorded the number of haplotypes shared between each pairwise comparison of metagroups to estimate the significance level.
The average squared distance (ASD) statistic (Goldstein and Pollock 1997) was calculated to estimate the time since de Filippo et al. · doi:10.1093/molbev/msq312 MBE the most recent common ancestor (tMRCA) for ten microsatellites (excluding DYS385a/b). Under the Stepwise Mutation Model, the tMRCA is expected to be ASD/2l, where l is the mutation rate per generation per locus, averaged across loci. Therefore, to calculate the tMRCA and associated confidence intervals (CI), the mutation rates reported in the Y-STR haplotype reference database (http://www.yhrd.org) were used, and a generation time of 25 years was considered.
Because Pygmy groups are commonly believed to have shifted from their original language to that of their agricultural neighbors, which makes their current linguistic affiliation misleading, they were considered as a separate ethnic unit, regardless of the language they speak, and excluded from the AMOVA analysis. Material online) . Overall, the haplogroup composition in all the groups reflects what has been previously observed in the African continent, with A (mainly present in Khoisan speakers and Eastern groups), B (mainly found in hunter-gatherer Pygmies and Khoisan as well as their neighbors), and E (in almost all groups) representing the majority (87%) of the haplogroups. Haplogroup E1b1a (including all its sublineages typed in this study) is present in all groups (excluding the Namibian Khoisan) and was found at a frequency of ;68.5% in the entire data set. This is in agreement with previous studies of African Y chromosomal variation (Wood et al. 2005; Tishkoff et al. 2007; Berniell-Lee et al. 2009 ). With respect to the sublineages of E1b1a typed here, the most frequent haplogroup in the combined data set was E1b1a8 (;35%), which was found in all groups except in the Namibian Khoisan (which are, however, represented by only six individuals). All Bantu-speaking groups showed relatively high frequencies of this haplogroup, ranging from 18% to 62%, with the exception of the South African Bantu where the frequency was only 12.5%; however, this is due to the small sample size and not significantly different from the other groups (95% CI of sampling error 5 3À53%). The second most common haplogroup, E1b1a7a, is present in African populations with an average frequency of 23% and shows moderately high frequencies in all Bantu and Pygmy groups. The highest frequencies are found in Nigeria (67%) and Bantu speakers from Cameroon (46%), which are both regions that are close to the putative homeland of the Bantu languages.
Results
Y Chromosome Haplogroups in Sub-Saharan Africa
Another common haplogroup within haplogroup E is E1b1a* (xE1b1a8 and xE1b1a7) with an average frequency of 8.9%, which is a characteristic of all West African groups included here, with the highest frequencies in Mande speakers from Senegal (75%) and Burkina Faso (53%). Haplogroup B is also widespread, being found on average in 10.3% of the African groups included here.
Patterns of Y-STRs Diversity
Y-STR diversity values within specific haplogroups can be informative for discerning origins and migrations of haplogroups: In general, the highest diversity should be found in the population where the haplogroup originated, and lower diversity (due to successive founder events) may be associated with migrations. However, because STRs have a high mutation rate, these signals might be erased over time, and it can be insightful to examine the variance in repeat units. The STR variance has been described as evolutionary more stable and is correlated with the time that has elapsed since a haplogroup-defining mutation arose, thus serving as a rough estimator of tMRCA as well (Goldstein and Pollock 1997; Bosch et al. 1999 ). Yet, because the results of such estimates depend to a large extent on the mutation rates used, which are very variable and subject to considerable debate (Zhivotovsky et al. 2004) , age estimations should be considered with due caution.
Values of diversity for 11 STR loci for all individuals as well as those carrying the E1b1a*, E1b1a7a, and E1b1a8 clades are reported in table 2. In general, regardless of the haplogroup composition and excluding populations with sample size less than ten individuals, Niger-CongoÀ-speaking groups have slightly higher haplotype diversity than Nilo-SaharanÀspeaking groups (MannÀWhitney U test: W 5 27, P value , 0.017), but these together have higher diversity values than Afro-Asiatic, Khoisan, and Pygmy groups (W 5 123.5, P value , 0.005).
The STR haplotype diversity associated with E1b1a8 was found to be higher (W 5 45, P value , 0.004) in all Bantuspeaking groups (except in Cameroon with a low sample size 5 6) than all the other groups after removing groups with less than five individuals. However, the STR variance showed a different pattern with the highest values in Pygmies from C.A.R. (with a sample size of six) and Burkina Mande, whereas reduced values were found in all the other groups. Moreover, STR variances did not differ significantly among groups (W 5 24, P value 5 0.526).
For haplogroup E1b1a7a, the STR haplotype diversity levels were high (.0.90) in all groups, with the lowest values observed in Pygmies from C.A.R., Tanzanian ''Khoisan,'' and the two Nilo-Saharan groups. Similar to E1b1a8, the highest STR variance for E1b1a7a was found in the C.A.R. Pygmies (0.49); however, the Bantu speakers from West Zambia and the Burkina Faso Gur speakers also had high STR variances (0.47 and 0.43, respectively).
With regard to the diversity associated with haplogroup E1b1a*, Niger-Congo non-Bantu have higher haplotype diversity and STR variance than the Bantu-speaking groups. Overall, there is some support for an association of E1b1a8 with higher diversity in Bantu-speaking groups and of E1b1a* with higher diversity in Niger-Congo nonÀBan-tu-speaking groups. However, none of these patterns reach statistical significance: for E1b1a8 W 5 54, P value 5 0.125 and for E1b1a7a W 5 20, P value 5 0.057.
The tMRCA estimates for haplogroups E1b1a7 and E1b1a8 were calculated by means of the ASD statistic for the major ethno-linguistic groups (table 3). The highest tMRCA (;4,200 ya) for E1b1a7a was ascertained in the Yoruba from Nigeria, whereas the lowest (;2,000 ya) was in the Nilo-Saharans. With regard to E1b1a8, the highest tMRCA (; 5,000 ya) was found in Mande speakers from both Burkina Faso and Senegal, whereas the lowest (;3,400 ya) was in the Bantu. The 95% CIs all overlap; overall, all these estimates are consistent with the time of the Bantu expansion (5,000À3,000 ya) and with an origin of both haplogroups in an area between West and Central Africa a few thousand years before the beginning of the expansion as indicated by the upper limits of the CIs.
Genetic Structure Within and Between Groups in Sub-Saharan Africa
To visualize the relationships among the different groups within sub-Saharan Africa, a CA was performed on the haplogroup frequencies (fig. 3) . The first two dimensions together accounted for 59.2% of the total inertia and reflect both geographic and linguistic groupings. In the first dimension, the Niger-CongoÀspeaking groups and
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Pygmies (except those from Gabon) all have values less than 0.5, and all other groups have values greater than 0.5. The Afro-Asiatic groups cluster together and the Nilo-Saharan groups from Kenya, Uganda, and Tanzania are also located close to each other along the first dimension. The eastern Bantu speakers from Tanzania (and to a minor extent from Kenya) are closer to the other East African populations than are the other BantuÀspeaking groups as a result of their modest frequencies of haplogroups A and E*, respectively. Dimension 2 largely divides the Niger-Congo populations into Bantu and non-Bantu, with the Western samples (Senegal and Burkina Faso) with highest values, driven by haplogroups E1a, E1b1a7*, and E1b1a*.
To test whether the genetic structure was in better accordance with linguistic or geographic groupings, AMOVA analyses were performed (table 4). As mentioned in the Methods section, the four Pygmy populations were excluded from these analyses because of their assumed recent language shift. Both linguistic affiliation and geographic location are in good agreement with the Y chromosomal variation because the variance between groups is always higher than that between populations within a group. The variance among all the populations included in the study accounts for 15.4% of the total. When these are grouped according to their classification in one of the four major linguistic phyla, the between-group variability reaches 14.8%, whereas the variance within the linguistically defined groups is 8.7%. Grouping populations by geography into North, West, East, Central, and South Africa decreased the between-group variability to 9.96% and the variance within groups to 6.75%. When only Y-chromosomal Variation in Sub-Saharan Africa · doi:10.1093/molbev/msq312 MBE Bantu-speaking populations were compared, the proportion of variance explained by differences between populations is much lower but still significant (4.7%, P value 5 0). We performed another AMOVA to quantify the differences between Niger-Congo, non-Bantu, and Bantu populations (see fig. 1 ). This highlighted a large amount of variation (11.6%, P value , 0.018) due to differences among groups and only 5.31% within groups. When performing this AMOVA with the lower haplogroup resolution used in previous studies (e.g., Wood et al. 2005 )-that is, only E1b1a*(xE1b1a7) and E1b1a7 without their subhaplogroups E1b1a8 and E1b1a7a-the proportion of variation observed between Bantu and non-Bantu became nonsignificant (0.28%, P value 5 0.35). This is a strong indication that the more fine-grained haplogroup genotyping used here adds considerably to our power to detect genetic substructure in Africa.
Mantel tests of correlation between geographic and genetic distances further confirmed that geography has had an important influence on Y chromosomal diversity 
Distribution of Shared Haplotypes
Contrary to the geographical and linguistic structure apparent in the haplogroup data, a network based on 11 STR loci showed no structure at all; rather, haplotypes from East African and Central African Bantu groups are found clustered together. The extensive reticulation made it difficult to observe any patterns of overall haplotype sharing (supplementary fig. 4 , Supplementary Material online). Therefore, in order to elucidate the relationships among groups from different geographic areas that may be due to common origin and/or recent migration, the combined data set was screened for widespread and shared haplotypes. Figure 4 shows the distribution of shared haplotypes among groups that were merged (here called metagroups as described Y-chromosomal Variation in Sub-Saharan Africa · doi:10.1093/molbev/msq312 MBE three groups was 73, which is significantly less than expected if individuals are assigned to groups at random (mean 5 166, range 5 152À183; P value , 0.001 based on 1,000 permutations). This analysis indicates that there is a significant effect of population structure on the shared haplotypes and also indicates that the observed pattern was not caused by differences in group sample sizes. None of the 73 shared haplotypes was shared across all the metagroups. Also, no haplotype was found in all the groups within each metagroup (supplementary fig. 5 , Supplementary Material online). When grouped according to linguistic/ethnic affiliation, the West Bantu metagroup, which includes samples from Cameroon, Gabon, D.R.C., Angola, and Western Zambia and corresponds to the majority of the data set, shares 69 of 73 haplotypes with at least one of the other metagroups. Nilo-Saharan and Afro-Asiatic groups shared a low proportion of haplotypes with all other groups, ranging from 1 to 8 and from 0 to 3, respectively.
When grouped according to geography, the Southern and Central African metagroups share the most haplotypes (55), with fewer haplotypes shared between Central and Western Africa (23), Central and Eastern Africa (21), or Western and Southern Africa (26). The presence of significant structure detectable in this analysis in the STR data (which are subject to different patterns of mutation and variation as compared with the more stable haplogroup data) contrasts with the lack of structure in the network but is in good accordance with the results seen in the CA and AMOVA. This provides further indication that the inferred haplogroup frequencies are fairly accurate because the STR data were all genotyped.
To what extent do these haplotype-sharing patterns ( fig. 4 ) simply reflect sample size differences among the various metagroups? The results of our permutation test (described in the Material and Methods and shown in supplementary table 3, Supplementary Material online) indicate that for the linguistic metagroups, the Western and Eastern Bantu do share more haplotypes than expected by chance, whereas the Niger-Congo (non-Bantu) shares significantly fewer haplotypes than expected by chance with the Pygmy, Nilo-Saharan, and Afro-Asiatic metagroups. Similarly, for the geographic metagroups, there is significantly more sharing between Central and Southern Africa and significantly less sharing between Eastern Africa and all other groups (except Southern Africa). Overall, this test demonstrates that the haplotype-sharing patterns in figure 4 do indicate population relationships and not just overall sample size differences between metagroups. In particular, there is more haplotype sharing than expected by chance involving groups toward the center of Africa (i.e., Western and Eastern Bantu and Central and Southern Africa). Moreover, the Bantu from D.R.C.-who are located in the center of the geographic area studied herein ( fig. 2 ) and who are on average closest geographically (%2,022 km) to all other African populations-shows the highest proportion of shared haplotypes with other groups (fig. 5 ).
Discussion
Haplogroup Variation Within Niger-Congo Speech Communities and Sub-Saharan Africa
The Niger-Congo phylum is one of the major language groups in the world and is the largest in the African continent in terms of number of languages, number of speakers, and geographical area it covers. To a certain extent, the linguistic branching pattern displayed in figure 1 is paralleled by Y chromosomal markers characteristic of the different subgroups of the Niger-Congo phylum included here: Mande, Gur, and Bantu. Indeed, haplogroups E1b1a* and its derivative E1b1a8 are characteristic of the Mande, which belong to the earliest split of the linguistic tree. The derived haplogroup E1b1a7* is characteristic of Gur speakers, and the most derived haplogroup analyzed here, E1b1a7a, is characteristic of Bantu-speaking groups, who represent one of the most derived branches of the Niger-Congo linguistic tree.
Although previous genetic studies on Y chromosome variation have linked haplogroup E1b1a and its sublineage E1b1a7 (when genotyped) specifically to the Bantu MBE expansion (Thomas et al. 2000; Cruciani et al. 2002; Zhivotovsky et al. 2004; Wood et al. 2005; Berniell-Lee et al. 2009 ), our results demonstrate that this association extends to all of Niger-Congo, not just Bantu. Indeed, E1b1a does not differ in frequency between Niger-Congo non-Bantu and Bantu, and this is also true if E1b1a7 is taken into account. In fact, an AMOVA with the haplogroup resolution used previously (Wood et al. 2005) , that is, only E1b1a*(xE1b1a7) and E1b1a7-for Bantu versus Niger-Congo non-Bantu results in nonsignificant variation (0.28%, P value 5 0.35) between these two groups. Therefore, to increase resolution, we for the first time analyzed two additional markers (U174 and U175) in a large number of African populations, resulting in a total of four E1b1a sublineages. Notably, the AMOVA carried out with this increased haplogroup resolution now finds significant variation between Bantu and Niger-Congo non-Bantu (11.58%, P value , 0.018). In addition, with these new markers, we were able to detect the presence of substructure even within the Niger-Congo nonÀBantu-speaking groups as described below.
Niger-Congo nonÀBantu-speaking groups in West Africa are distinct from Bantu speakers and groups belonging to the other African phyla as shown in the CA plot ( fig. 3 ). This distinct position is mainly driven by haplogroup E1b1a* (almost absent in all nonÀNiger-Congo groups), which has high frequencies in Mande speakers and exhibits a clinal reduction from western toward eastern and southern Africa. A strong positive correlation was ascertained between the haplotype diversity levels and STR variance associated with E1b1a*. These results suggest that this haplogroup was present for a longer time in Western Africa-which is the presumed place of origin of the defining M2 mutation (Rosa et al. 2007 )-and that two of the derived mutations considered here (e.g., M191 and U174) did not occur in the ancestors of the Mande; the low frequencies of E1b1a7a found in these groups could be due to later admixture. On the other hand, only Gur speakers are characterized by the presence of haplogroup E1b1a7*, which was previously associated with the Bantu expansion with a probable origin in western Central Africa (Underhill et al. 2000; Cruciani et al. 2002; Zhivotovsky et al. 2004; Wood et al. 2005) and that here we found practically restricted to Burkina Faso. Instead, a new sublineage of E1b1a7, namely E1b1a7a, which may also have originated in western Central Africa, is associated with the Bantu expansion. Indeed, we found that this marker has its highest frequencies in Nigerian Yoruba (where this haplogroup also appears to be oldest, with an estimated tMRCA of ;4,200 ya, cf. table 3) and Cameroonian Bantu speakers, both of whom are located close to the homeland of the Bantu languages. Furthermore, for other studies reporting high frequencies of M191 in Bantu-speaking groups, we suggest that those individuals are likely to harbor the derived mutation U174 (see, e.g., Appendix A in Wood et al. 2005) . This is confirmed by the results of the LDA for the Ugandan data set where all individuals who had been genotyped as E1b1a7 were inferred to belong to E1b1a7a.
Bantu and nonÀBantu-speaking groups can be distinguished by a second haplogroup, namely E1b1a8. However, we could not associate it unambiguously with the Bantu populations because the highest tMRCA estimate (;5,000 ya, table 3) was found in the Mande-speaking group and it also is found at high frequency in the Burkina Faso Gur speakers and in other western Central African populations (cf. table 1 in Veeramah et al. 2010) . Nevertheless, we believe that further subtyping of markers on the background of U175 might reveal new insights concerning its association with Bantu-speaking groups (as we found with U174). Likewise, the discovery of further subclades within E1b1a7 and E1b1a8 might add more structure to the data and erase this apparent homogeneity of the Bantu groups.
The presence of both E1b1a7a and E1b1a8 in all Pygmy groups-directly genotyped in the C.A.R. and D.R.C. Pygmies and inferred from STR data for the Cameroon and Gabon Pygmies-may be the result of sex-biased migrations between agriculturalist and hunter-gatherer societies, where paternal lineages move from the former into the latter (Destro-Bisol et al. 2004; Tishkoff et al. 2007; Quintana-Murci et al. 2008) . However, judging from the networks for both haplogroups (supplementary fig. 4 , Supplementary Material online), recent admixture with Bantu-speaking neighbors may not account for the origin of all of these haplotypes. Although some haplotypes are shared with, or differ by only a few mutational steps from, Bantu speakers and hence may indeed reflect recent admixture, other haplotypes found at the periphery of the network are unique to Pygmies. The Pygmy groups tend to exhibit high levels of STR variance along with low levels of haplotype diversity, indicating the presence of a few very divergent (and therefore probably old) lineages. The older age of E1b1a8 in Pygmies than in Bantu, in contrast to the similar age of E1b1a7a in both Pygmies and Bantu (table 3) , suggests the possibility that a few individuals belonging to haplogroup E1b1a8 were present in Pygmies prior to their contact with Bantu-speaking groups; individuals belonging to E1b1a7a were introduced at an early stage of the expansion (for instance, when the Bantu agriculturalist started to explore the rain forest), with later introgression of new haplotypes of both haplogroups after contact. Furthermore, this scenario of E1b1a7a introgression may have been mirrored on the Western side of sub-Saharan Africa as indicated by the young tMRCA estimate in Gur from Burkina Faso (table 3) .
Overall, the distribution of the four E1b1a sublineages reflects what has been suggested from historical linguistic studies about the prehistory of Niger-Congo languages that had ''[ . . . ] a long standing epicenter of spread in West Africa, with spreads through the forest and well to the south'' (Nichols 1997) .
Eastern Africa exhibits distinct patterns of Y chromosome haplogroups compared with Western and Central Africa. Eastern African Nilo-Saharan and Afro-Asiatic groups are characterized in general by high frequencies of lineages A and B as well as E* and E1b1b1, leading to Y-chromosomal Variation in Sub-Saharan Africa · doi:10.1093/molbev/msq312 their clustering in the CA plot (fig. 3) . The inclusion of Algeria as an additional Afro-AsiaticÀspeaking group, even though it is located outside sub-Saharan Africa, confirms that E1b1b1 is characteristic of Afro-AsiaticÀspeaking populations. It has been suggested that this marker may have spread with agropastoralist migrations from their putative origin in East Africa toward Northern Africa (Cruciani et al. 2002; Arredi et al. 2004 ) and Southern-Central Africa (Henn et al. 2008) . In this study, E1b1b1 is absent in Angola and present at only very low frequency (,1%) in our Zambian sample but is found in appreciable frequency in Botswana (5%). This raises the question whether the demic diffusion of pastoralism from Eastern to Southern Africa followed an eastern route that circumvented Angola and Zambia or whether the later arrival of Bantu-speaking groups replaced the former pastoralist populations in Angola and Zambia but not Botswana. Investigations of samples from southeastern Africa (e.g., Mozambique and Zimbabwe) are needed to disentangle these questions.
The Nilo-Saharan samples also have relatively high frequencies of haplogroup E2. Both E2 and E1b1b1 are also common in eastern Bantu speakers, and E2 is additionally found in the D.R.C. Pygmies, possibly introduced by contact with neighboring populations. Finally, another haplogroup found in relatively high frequencies in some of the East African groups (but also present in Cameroon and Gabon Pygmies) is E*. However, because this haplogroup is defined not by a shared derived allele but by the absence of derived alleles, we cannot exclude that these individuals belong to sublineages of M96 not tested here.
In general, a similar pattern of haplogroup composition is characteristic of all neighboring groups of Eastern Africa. This appears to suggest gene flow between the groups regardless of their language; however, the low number of shared haplotypes ( fig. 4 ) in the area (especially between eastern Bantu from Kenya and Tanzania and the Nilo-Saharan and Afro-Asiatic groups) indicates little recent contact. Possibly, the similarities in haplogroup composition are an indication of more ancient contact.
Pattern of Diversity and the Bantu Expansion(s)
In contrast to the structure observable at the level of Y chromosomal haplogroups, there is a notable absence of structure at the resolution of STR markers. There is no obvious geographic patterning to the networks (supplementary fig. 4 , Supplementary Material online); in particular, haplotypes are widely shared, especially between Eastern and Western Bantu-speaking groups. There are also no clear patterns of clinal reduction in haplotype diversity and STR variance for both haplogroups E1b1a7a and E1b1a8 in the Bantu speakers (contrary to other studies, e.g., Pereira et al. 2002) as would be expected with a serial founder event of male lineages expanding from their homeland throughout sub-Saharan Africa. These data might seem to contradict the most widely cited model of the Bantu expansion, which involves the joint movement of people and language together with the diffusion of agriculture (Diamond and Bellwood 2003) . However, this model has been called into question not only by linguists (Nichols 1997) and historians (Vansina 1995) but also in a recent genetic study on ;2,800 autosomal SNPs (Sikora et al. 2010) . Although Nichols (1997) and Sikora et al. (2010) assert that the Bantu expansion could rather have taken place by cultural diffusion alone (i.e., ''language shift'' where the original inhabitants of sub-Saharan Africa would have adopted a Bantu language without major immigration of Bantu peoples), Vansina (1995) calls into question the overly simplistic assumptions of either population replacement or language shift. However, although our data do not provide evidence for the serial founder effect expected by a migration of peoples over long geographical distances-with levels of diversity (e.g., haplotype diversity and STR variance; see table 3) reduced proportionally to the distance from the homeland-the overall genetic homogeneity of the Bantu-speaking groups included here and the widespread sharing of haplotypes on the background of E1b1a7a and E1b1a8 reject the hypothesis of mere cultural diffusion. Under this assumption, one would expect greater differences between geographically distant groups because they would have developed in situ for a long time. The overall genetic homogeneity of Bantu-speaking groups was also detected in a recent study of a large number of autosomal STR loci in a large number of African populations (Tishkoff et al. 2009 ), although the most widespread ancestry component derived from STRUCTURE analysis extended beyond Bantu-speaking groups to include all Niger-Congo groups. Another factor to be considered is the recent time of this expansion suggested to be 3,000À5,000 ya (Blench 2006) , which would reduce the accumulation of variability and structure among populations. The tMRCAs estimated for the sublineages E1b1a7a and E1b1a8 are in accordance with a recent expansion. We suggest that a more plausible scenario is one in which there was continuous backward and forward migration after an initially rapid spread as indicated by the significant amount of haplotype sharing between Western and Eastern Bantu-speaking groups ( fig. 4 and supplementary fig. 5 and supplementary table 3, Supplementary Material online). Thus, our Y chromosome evidence suggests recent expansion and ongoing contacts over the large geographic area occupied by Bantu speakers. This is in good accordance with linguistic evidence showing that the Bantu languages as we know them today have been shaped over the last four millennia through successive stages of ''punctuation'' and ''equilibrium'' (Dixon 1997) . Punctuational bursts of change at the time of language splitting can account for only 31% of the total divergence in the basic vocabulary of Bantu languages (Atkinson et al. 2008) , whereas convergence effects due to multilingualism and intensive and protracted contacts between speech communities certainly played an equally important role in shaping the current Bantu language area (Schadeberg 2003) . For instance, the emergence of a relatively homogenous group of so-called ''Savannah Bantu'' languages, sometimes seen as a Bantu ''subclade'' (e.g., Ehret 2001) , is most likely the result of intensive contact between languages originally belonging to distinct Eastern and Western Bantu branches (Möhlig 1981; Nurse and Philippson 2003; Bostoen and Grégoire 2007) . Phenomena such as political centralization and economic integration involving communities separated over long distances is equally reflected in the archaeological record of several regions of Central, Eastern, and Southern Africa, certainly from the last millennium onward but even earlier (Fagan 1977; Denbow 1990; Chami 1999; De Maret 2005; Phillipson 2005 ).
Our conclusion contradicts the conclusion of Sikora et al. (2010) , who suggest language shift in southeastern Bantu from Mozambique as an explanation for their distinctiveness from three other Bantu populations in the data set (the Luhya from Kenya as well as the Kenyan and South African Bantu groups included in our study). These discrepancies may be explained by the differences in the populations included (southeastern Bantu from Mozambique being unfortunately absent in our data set) or in the type of markers used because autosomal and Y chromosomal markers underlie different demographic trajectories. In summary, our interpretation of the spread of Bantu as a major migratory phenomenon provides a better explanation for the present-day distribution of the paternal lineages in Africa than the alternative scenario of cultural diffusion of the Bantu languages but need not necessarily hold true for the maternal lineages or autosomal markers.
Conclusions
The pattern of Y chromosomal variation in sub-Saharan Africa appears to be driven by the joint effect of both linguistic affiliation and geographical distribution, which to some extent are also correlated. These results were quantified by means of an AMOVA where the percentage of variance explained by differences between groups is larger for the grouping based on linguistic affiliation (;14%) than for that based on geographical criteria (;10%). This somewhat larger effect of language over geography was also found in other studies (Tishkoff et al. 2009 and Bryc et al. 2010) . However, there is still a strong effect of geographical proximity (i.e., isolation by distance) on the patterns of Y chromosomal variation as demonstrated by the significant correlation observed between geographic and genetic distances calculated as F ST or R ST values (for haplogroups and STRs, respectively). When considering only Niger-Congo groups, the correlation between R ST and geographic distances is no longer significant, probably because of the recent expansion of the language phylum.
The data presented here make it clear that there is considerable structure within haplogroup E1b1a in Africa. Analyzing the four sublineages E1b1a*(xE1b1a8), E1b1a8, E1b1a7 (xE1b1a7a), and E1b1a7a together with STRs allowed deeper insights into the Y chromosomal variation in this continent and one of the events that shaped it, namely the Bantu expansion. We suggest that the M2 mutation was present in the ancestors of the Niger-Congo populations at an early stage and was subsequently involved in the spread of the language phylum; furthermore, mainly the E1b1a subhaplogroups E1b1a7a and E1b1a8 are implicated in the Bantu expansion. However, some portions of Africa remain understudied; only when these lacunae have been filled will it be possible to come to more definitive insights into the prehistory of this area.
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